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Study Design. A retrospective review of charts, x-rays (XRs) and computed tomography (CT) scans was performed. Objective. To evaluate the accuracy of pedicle screw placement using a novel classification system to determine potentially significant screw misplacement. Summary of Background Data. The accuracy rate of pedicle screw (PS) placement varies from 85% to 95% in the literature. This demonstrates technical ability but does not represent the impact of screw misplacement on individual patients. This study quantifies the rate of screw misplacement on a per-patient basis to highlight its effect on potential morbidity. Methods. A retrospective review of charts, XRs and low-dose CT scans of 127 patients who underwent spinal fusion with pedicle screws for spinal deformity was performed. Screws were divided into four categories: screws at risk (SAR), indeterminate misplacements (IMP), benign misplacements (BMP), accurately placed (AP). Results. A total of 2724 screws were placed in 127 patients. A total of 2396 screws were placed accurately (87.96%). A total of 247 screws (9.07%) were BMP, 52 (1.91%) were IMP, and 29 (1.06%) were considered SAR. Per-patient analysis showed 23 (18.11%) of patients had all screws AP. Thirty-five (27.56%) had IMP and 18 (14.17%) had SAR. Risk factor analysis showed smaller Cobb angles increased likelihood of all screws being AP. Sub-analysis of adolescent idiopathic scoliotic patients showed no curve or patient characteristic that correlated with IMP or SAR. Over 40% of patients had screws with either some/major concern. Conclusion. Overall reported screw misplacement is low, but it does not reflect the potential impact on patient morbidity. Perpatient analysis reveals more concerning numbers toward screw misplacement. With increasing pedicle screw usage, the number of patients with misplaced screws will likely increase proportionally. Better strategies need to be devised for evaluation of screw placement, including establishment of a national database of deformity surgery, use of intra-operative image guidance, and reevaluation of postoperative low-dose CT imaging. Key words: anterior breach, computed tomography scans, lateral breach, pedicle screws, posterior spinal fusion, scoliosis, screw misplacement, screw safety. Level of Evidence: 3 Spine 2016;41:E548-E555 P edicle screw constructs have continued to gain popularity in the realm of pediatric spinal fusion surgery due to their increased biomechanical strength, rigid internal fixation, and ability to obtain better correction and fusion [1] [2] [3] [4] [5] [6] [7] ; however, there are lingering concerns over the risks of screw misplacement and associated complications. The Scoliosis Research Society and Pediatric Orthopaedic Society of North America task force has stated that the accuracy of screw placement might be considered a surrogate for complications and safety data. 8 The literature, in general, describes low pedicle screw misplacement rates. In a systematic literature review by Hicks et al, 9 21 studies, 1666 patients, and 12,248 screws were included. They found a mere 4.2% pedicle screw misplacement rate. But does this low misplacement rate truly indicate the high safety of pedicles screws?
These reported rates can be misleading, as they are generally ascertained on XRs, which are inferior to computed tomography (CT) scans in determining accuracy. But more importantly, these accuracy rates only reflect the surgeon's accuracy in placing screws into the pedicle, which is a measure of their technical skill. They do not highlight the potential impact of these misplacements on individual patients and are at best a poor measure of patient safety 
MATERIALS AND METHODS
This is an IRB approved, retrospective review of charts, radiographs, and postoperative CT scans of spinal deformity patients who underwent posterior spinal fusion (PSF) with pedicle screws between 2004 and 2010 at Montefiore Medical Center, Bronx, New York. Patient demographics such as sex, height, weight, and age were obtained from charts and Cobb, Kyphosis angles and fixation points from XRs. Postoperative CT scans were analyzed by a musculoskeletal radiologist to determine screw placements. Criteria for inclusion were patients with a diagnosis of spinal deformity, PSF using all pedicle screws, and postoperative CT scan on file.
CT Review
Thin slice axial CT scan was utilized for evaluation of pedicle screw placement. Parameters for the scanner included mA 70 to 275, kVp 120 to 140, 512 Â 512 matrix, field of view to fit, helical mode with pitch of 0.5, standard algorithm, and windowing appropriate for visualization of implants. Our institution has utilized SHIELD CT scan protocol or Spinal Hardware Imaging Extremely Low Dose CT scan, in more recent CT surgeries, which is similar to that described by Abul-Kasim et al. 10 Every screw in each patient was classified as below:
(1) Screws at risk (SAR): screws breaching medially by more than 4 mm, or screws breaching laterally or anteriorly that impinge (<1 mm distance between screw tip and organ) on anatomic structures of concern such as aorta, trachea, and esophagus (Figures 1  and 2 ). 
Statistical Analysis
Descriptive analysis of screw placements was performed to obtain frequencies of patients with screws of concern and compared with rate of overall screw misplacement. version 9.2 (SAS Inc., Cary, NC). All P values were twotailed, with P < 0.05 considered statistically significant. As continuous data were not normally distributed, we reported median values instead of mean and inter-quartile range (IQR) instead of standard deviation. IQR is a measure of statistical dispersion that is equal to the difference between the first and third quartiles. Ranges (minimum-maximum) are additionally provided as supplemental material in Table  1 (Table 2) .
Of the 328 screw misplacements, 173 (6.35% of total screws) were lateral pedicle breaches, 40 screws (1.47%) were medial breaches, and 115 screws (4.22%) were anterior breaches. Utilizing the outcomes grading we found 247 screws were BMP (9.07% of total screws), 52 screws (1.91%) were IMP, and 29 screws (1.06%) were considered SAR. Of the 29 SAR, 14 were medial misplacements more than 4 mm (0.51%), 13 screws were impinging (<1 mm gap) on the aorta (0.48%), and 2 screws were impinging the trachea (0.07%). The distribution of screws of IMP and SAR with respect to vertebral levels was recorded ( B62). Thus, 97.03% screws (2664/2724) were found to be AP.
Nevertheless, when screw placement was evaluated on a per-patient basis, we found that 81.89% of all patients (104 of 127 patients) had a screw misplacement (Table 3) . Fiftyone patients (40.16% of total patients) had BMP, whereas 53 patients (41.73% of total patients) had either IMP or SAR. Of these 53 patients, 35 (27.56% of total patients) had IMP and 18 (14.17% of total patients) had SAR. Thus, 14.17% patients had one or more SAR, in contrast to a 1.06% SAR rate for total screws placed.
AIS Patients
Patient based analysis in AIS (N ¼ 89), showed 36 patients (40.45%) had BMP, 29 (32.58%) had IMP, and 9 patients (10.11%) had SAR. Only 15 AIS patients (16.85%) had 100% AP screws (Table 3) .
SAR Sub-Analysis
Of total 18 patients, 10 (55.56%) had medial misplacements more than 4 mm, 6 patients (33.33%) had screws impinging on the aorta, 1 patient (5.56%) had screws impinging on the trachea, and 1 patient (5.56%) had both a medial misplacement more than 4 mm and another screw impinging on the aorta. Two of these patients (11.11%) had transient neurological deficit from medially misplaced screws, whereas all aortic screws have been asymptomatic.
Risk Factor Analysis for Screw Misplacements
Patient and curve characteristics were compared across the various patient groups to determine any risk factors for screws of IMP or SAR (Table 4) . These included diagnosis, found the mean distance medially from lumbar pedicles to dural sac was 1.5 mm. In our series, 1.47% of screws were breached medially (N ¼ 40); however on a per-patient basis, 19.69% of patients (n ¼ 25) had medial misplacements of concern. Fourteen (35 %) of these had medial breach more than 4 mm (SAR). Two patients with SAR had transient neurological injury, which necessitated screw removal intra-operatively due to loss of signals. These patients underwent second surgery after neurological recovery. No patients with medial misplacement less than 4 mm had any neurological impairment.
More recently, case studies have brought to light the risk anterolateral breaches can have on the vasculature and viscera surrounding the spine. Cardoso et al 18 stressed the risk proximal thoracic pedicle screws pose to the esophagus, trachea, bronchi, as well as to the aorta. Foxx et al 19 found that 33 of 680 screws instrumented were in contact with major vessels, including the aorta, iliac artery, and iliac veins. None of their patients exhibited clinical sequelae; however, other case studies have found aortic perforations by pedicle screws. Kakkos et al 20 reported on two cases in which aortic pseudoaneurysm or erosion was caused by pedicle screw instrumentation. They additionally found eight cases in the literature wherein pedicle screws caused pseudoaneurysm, erosion, or rupture of the aorta. Our study found 13 screws in six patients that were impinging on the aorta. All were asymptomatic. Faro et al 25 demonstrated in six bovine specimens that an aorta intentionally impinged over 1 year did not rupture; however, they found acute and chronic histopathologic changes in its tissue. Wegener et al, 26 described a case in which a patient's aorta underwent delayed preforartion as a result of a thoracic pedicle screw.
Within the literature, there is a focus on overall accuracy rate, number of screw misplacements per total screws instrumented, to define the safety of pedicle screws. Suk et al 13 evaluated 4604 screws using plain postoperative radiographs and reported a screw misplacement rate as low was 1.46%. After reviewing their XRs, they decided upon CT scans in a limited number of patients with suspicious mechanical complications such as pedicle failure, or ''serious'' medial and inferior malposition. This resulted in only 20 of the 462 patients having postoperative CT scans available. Postoperative CT scan studies report screw misplacements rates to be much higher than postoperative XRs, typically ranging between 10% and 15%. Lehman et al 21 reported a 10.46% rate of screw misplacement in their evaluation of 1046 screw placements over an 8-year period that followed the trend from hybrid constructs to total pedicle screw instrumentation. Similarly, Samdani et al 22 analyzed postoperative CT scans containing 856 screws that showed an overall breach of 12.15% for thoracic pedicle screws in a study that compared surgical experience with screw placement accuracy. A systematic review of the literature by Hicks et al 9 found that in six studies, wherein CT scans were obtained postoperative for all patients, the rate of screw malposition was 15.7% of a total of 2202 screws inserted in 184 patients.
These accuracy rates are encouraging and are comparable to the accuracy rate in this study; however, these rates indicate surgeon's technical skill and tend to undermine the impact a misplaced screw can potentially have on the patient. Thus, an 87.96% screw accuracy rate or a 97.03% AP screw placement rate, as seen in this study, underwhelms the rate of SAR that was found in 14.17% of our patients. It can be argued that as these misplacements are asymptomatic, they do not constitute an adverse event or complication. These might remain latent for a long time as the natural history is unknown. It is also possible that CT tends to overestimate the screw proximity. Despite these possibilities, it was not the surgeon's intent to place screws in such proximity to these organs. Sucato et al 23 evaluated 14 AIS patients after anterior spine fusion and instrumentation using CT scan to assess screw placement with respect to spinal canal and aorta. They found 13 screws in seven patients, which were distorting the contour of the aorta. All of their patients were asymptomatic, but surgical revisions were planned to place shorter screws at these levels of aorta distortion.
In our series, all patients with SAR indenting the aorta have undergone further imaging workup. We perform a limited CT scan with/without an angiogram with patient in a prone position and evaluate the aorta-screw tip relationship as well as aorta morphology. 24 In all these patients, the aorta was noted to roll away from the screw tip and the aorta-screw distance was seen to be more than 1 mm. We have advised screw removal in all six patients through a posterior approach. In patients, where the relationship is unaltered on prone CT scan study, our approach will be to evaluate it further with an intra-vascular ultra sound in a hybrid vascular suite with vascular surgeon and either remove the screw through an anterior approach or stent the vessel and remove the screw through a posterior approach.
By evaluating pedicle screw placement on a per-patient basis, we can shift the focus from surgical skill to patient safety. This is important as the number of pedicle screw placements have increased and there are potentially hundreds of patients with this problem. It also emphasizes the importance of better imaging modalities that are needed to assess screw placement. XRs and fluoroscopy provide a dimensional image of a three-dimensional object. The misplacements occur in the axial plane, which is best viewed on a CT scan. Evaluating pedicle screw placements on a perpatient basis is a fundamentally different approach than what the previous literature has reported and truly highlights the complexity of screw placement and its assessment. This methodology can possibly yield the greatest impact on patient outcomes and screw safety. A 14.17% rate of SAR in the face of 97.03% acceptable screw rate cannot be ignored even when patients are asymptomatic.
Based on our series, no risk factors could be attributed to having misplaced screws of concern. Although a higher Cobb angle correlates with having SAR, it was also correlated with having BMP. Thus, the likelihood of a patient having screw misplacement appears to be a random event with a high likelihood of occurrence.
The utility of pedicle screw instrumentation has been an indispensable component to deformity correction surgery, and has been deemed superior to other methods of posterior spinal fixation; however, its success has been judged based on the overall high accuracy rate and low complication rate. Our study reveals that the potential rate of screw misplacement, when looked at from the patient perspective, is much higher than previously thought based on the high accuracy rate. We do not conjecture that pedicle screw fixation is unsafe, but rather we hope this study will provide more of an impetus to improve surgical accuracy. Due to the risks of screw misplacement, better evaluation methods for screw placement must be considered. Newer imaging techniques need to be explored, including intraoperative threedimensional image guidance and postoperative low dose CT scan. Furthermore, we suggest that a standardized classification system for assessing pedicle screw accuracy should be employed, and a national database of deformity surgery should be established. This study is limited by the retrospective nature of the data collection and by the possible degradation of postoperative CT scan by the metallic artifact of the pedicle screws utilized; however, its strengths lie in the large number of patents and screws studied, which revealed a higher percentage of patients with concerning screws than is highlighted by the low misplacement rate reported in the literature.
CONCLUSION
In conclusion, our study indicates that the low overall screw misplacement rate does not reflect the potential impact of screw placement on patient morbidity. When analyzed per patient, rather than focusing on the total instrumented screws, it becomes clear that misplaced screws are of greater concern than previously believed. With more than 40% of patients having concerning screws, better strategies need to be explored for evaluation of screw placement.
Key Points
Report accuracy rates of pedicle screw placement (85%-95%) only demonstrates technical ability, and neglects the impact of misplacement screws on individual patients. Of 2724 screws, 2396 (87.96%) were placed accurately. Of which 52 (1.91%) were indeterminate misplacements and 29 (1.06%) were screws at risk. Of 127 patients, 35 (27.56%) had indeterminate misplacements and 18 (14.17%) had screws at risk. Over 40% of patients had screws either of some or major concern. Per-patient analysis divulges more disconcerting numbers toward pedicle screw misplacements.
